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ABSTRACT 


This paper reports on a study that has resulted in the identification of one of the root causes for bearing 
premature failure characterized by sub-surface ‘white etching’ cracks (WEC) and surface axial cracks 
leading to spalling on ring raceways. Failure analysis performed on some failed rolling bearings used in 
wind turbines revealed fretting corrosion bands on the inner ring bore having positions that coincide 
circumferentially with zones of sub-surface WECs and surface axial cracks on the raceways. Appearance 
of fretting corrosion bands on the bearing bore is an indication of bearing seat form deviation. It was 
demonstrated by FE simulation that bearing seat form deviation such as waviness can result in tensile 
stress near raceway, which, if exceeding a certain limit, can weaken the material and, in combination 
with Hertzian stress, result in early initiation and accelerated growth of cracks from the pre-existing 
material defects, leading to premature failure of the bearing. Rubbing between the crack faces during 
subsurface crack propagation causes microstructure alteration of the crack surfaces and the formation of 
WECs. The tensile stress drives the propagation of the subsurface cracks towards raceway, leading to 
occurrence of the surface-breaking cracks or the so-called “hair-line” axial cracks, and eventually spalling 
of the ring raceway. A specially designed bearing test has successfully reproduced the failure mode 
occurring in prematurely failed bearings in wind turbine gearbox. Such a test involves a wavy sleeve shaft 
that results in sufficiently high tensile stresses in the raceway region of a cylindrical roller bearing inner 
ring. All tested bearings failed prematurely under a relatively low-load due to axial cracks on the raceway 
surface with associated clusters of sub-surface white etching cracks, i.e. the mode of failure that is 
commonly representative for wind turbine bearings. 

© 2016 Elsevier B.V. All rights reserved. 


1. Introduction 


1.1. Background 


of many premature failures is the extensive subsurface crack net- 
works that have a ‘white etching appearance’, referred commonly to 
as white etching cracks (WEC). Such cracks propagate typically to 
the surface causing spalling of raceway which has commonly been 


Bearings are critical machine components for carrying load and 
transmitting motion. The challenge of ever increasing power 
density from modern equipment manufacturing imposes higher 
demand for the load-carrying capacity on one hand and the 
reliability of bearings on the other hand. 

Nowadays, bearing failure due to rolling contact fatigue is gen- 
erally a rare occurrence and the final achieved life of rolling bearings 
is usually in excess of the calculated rating life. There are instances, 
however, where in specific applications the bearings fail prema- 
turely at 5-10% of the calculated rating life. A characteristic feature 
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observed on field returns from applications like wind turbine 
gearboxes |1], automotive driveline, alternators and peripheral 
auxiliaries [2,3], paper mills [4] and marine propulsion system [5]. 

The root cause for this failure mode has been elusive and a topic 
of considerable investigation within the bearing industry [6-9], as 
well as in the engineering [10] and academic community [5,11,12]. 
Various hypotheses, based on examination from different perspec- 
tives, have been put forward, such as the following, among others, 


e Hydrogen embrittlement due to hydrogen uptake resulting 
from decomposition of lubricant [9], stray current [2], or 
standing-still corrosion |13]. 

e Adiabatic shear banding [14] resulting from impact of rollers 
onto the ring, that leads to WECs network [10]. 
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èe A process of surface cleavage cracking caused by frictional 
traction, followed by corrosion fatigue crack growth [6]. 


Comprehensive review and analysis of the various hypotheses 
can be found in [15-17]. The fact that bearing premature failure has 
been tackled from different perspectives for the past decades has 
led to increased understanding of specific aspects of the problem. 
However, there is still lack of consensus regarding the root cause 
and failure mechanisms. There exist various hypotheses and infor- 
mation from field experience, but the whole picture is unclear. 


1.2. Characteristics of bearing steels and nature of failure 


Failure of a mechanical component is in essence the result of 
breakage of the weakest link inside the material, at which the local 
stress exceeds the local strength or endurance limit. 

Bearing steels, like other high-strength materials, are strong 
under compression, but weak under tension. Such a property is 
reflected by the phenomena like the strength differential effect 
(SDE), i.e. the tensile strength being lower than the compressive 
strength [18,19], and Low-toughness [20]. The (relatively) low 
tensile strength of bearing steels can also be demonstrated by 
another simple mechanical test - cyclic torsion test [21,22]. 
Although pure shear stress is applied, the hardened bearing steel 
specimen fails by fatigue in tensile fracture mode, instead of 
shearing mode, as shown in Fig. 1a. Furthermore, comparison of 
the cyclic torsion test with rolling contact fatigue (RCF) test shows 
that under the same shear stress amplitude, the fatigue life of the 
cyclic torsion specimen is several orders of magnitude shorter 
than the RCF life [23]. This is because the material under RCF is 
subjected to not only the cyclic shear stress, but also compressive 
stress resulting from Hertzian contact. Although the subsurface 
shear stress gives rise to resolved tensile stress acting on the 45° 
plane, as illustrated by Fig. 1b, the compressive stress diminishes 
the resolved tensile stress and thus suppresses the tensile mode of 
fatigue crack growth. The experimental work by Tarantino et al. 
[24] confirmed that cyclic shear stress induced tensile fracture of a 
notched specimen made of hardened bearing steel, could be 
suppressed by superimposed compressive stress. It can be argued 
that if a superimposed tensile stress is present in the RCF speci- 
men, it will counteract with the compressive stress from Hertzian 
contact. In this case, the tensile mode of fatigue crack growth may 
not be suppressed or even may be activated. Consequently, the RCF 
life may be reduced. 

Another important property of hardened bearing steels is their 
high-sensitivity to defects such as inclusions and porosities that 
pre-exist in the material as a consequence of steel making process. 
Fatigue damage usually initiates and develops from these material 
defects that lead to failure. Extensive publication [25-29] has been 


a 


made on the effects of inclusions on the fatigue strength of har- 
dened bearing steels. 

It can be envisioned that the pre-existing material defects are 
the weak spots inside bearing steels, which may further be wea- 
kened by the superimposed tensile stress. Now that material 
defects always exist, the key to the identification of the root cause 
for bearing premature failure seems to lie in searching for the 
“missing” tensile stress that may be present in the prematurely 
failed bearings. 


1.3. Failure mode of prematurely failed bearings 


The prematurely failed bearings in applications such as wind 
turbine gearbox are usually characterized by the WECs in sub- 
surface and/or the appearance of the so-called “hair-line” axial 
cracks on the raceway, as shown in Fig. 2a and b, which exhibit the 
typical features of tensile mode of fatigue crack growth. 

Surface traction due to sliding and high-friction may induce 
tensile stress at one edge of Hertzian contact. However, the region 
influenced by traction-induced tensile stress is rather superficial. 
Fracture mechanics analysis [17] indicates that even considering 
an unrealistically high-traction coefficient, the traction-induced 
tensile stress is not able to drive the fatigue crack growth to the 
extent of the axial cracks observed in prematurely failed bearings, 
such as the one displayed by Fig. 2. The axial cracks can only be 
generated by a bulk tensile stress. The question is - where does the 
bulk tensile stress come from? 

Failure analysis performed on some failed rolling bearings used 
in wind turbines, such as one shown in Fig. 3, revealed fretting 
corrosion bands on the inner ring bore having positions that coin- 
cide circumferentially with zones of sub-surface WECs and surface 
axial cracks on the raceways. Appearance of fretting corrosion bands 
on the bearing bore is an indication of bearing seat form deviation, 
since fretting corrosion is a result of reciprocating micro-sliding 
accompanied by wear and oxidation occurring at the edge of a non- 
conformal contact or clamped parts. It remains to be examined - if 
bearing seat waviness results in the “missing” tensile stress. 


1.4. Problem definition 


Like other mechanical components, a bearing fails due to 
breakage of the weakest link. The preexisting material defects are 
the weak spots inside bearing steels. However, material may fur- 
ther be weakened by superimposed tensile stress. One approach to 
identify the root cause for bearing premature failure is to search 
for the “missing” tensile stress that may be present in the pre- 
maturely failed bearings. 

Presence of fretting corrosion bands on bearing seat is an 
indication of form deviation. The key question is if the bearing seat 


Fig. 1. A bearing bainitic steel specimen tested under cyclic torsion, but fractured in tensile mode: (a) fracture taking place on the 45° plane [21 ] (details of this test can also 
be found in [22]); (b) stress analysis indicating that the 45° plane is the plane on which the resolved tensile stress has the highest magnitude. 
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Fig. 2. Premature failure of a bearing used in wind turbine gearbox [17,30]: (a). “Hair-line” axial crack on raceway; (b) the surface of the axial crack in (a) opened by forced 
fracture. (Reprinted, with permission from Bearing Steel Technologies: 10th Volume, Advances in Steel Technologies for Rolling Bearings, ASTM STP 1580, copyright ASTM 


International, 100 Barr Harbor Drive, West Conshohocken, PA 19428.). 
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Fig. 3. Correspondence of the axial cracks on raceway with fretting corrosion bands on bearing seat: (a) a prematurely failed taper roller bearing used in wind turbine 
gearbox with spalls associated with axial cracks on the raceway of the inner ring; (b) fretting corrosion bands on the bore of the ring. 


form deviation can induce tensile stress near the raceway, and if 
the tensile stress will lead to bearing premature failure by WECs or 
axial cracks. 


2. Effects of bearing seat form deviation 


In order to examine the effects of bearing seat waviness, finite 
element (FE) calculations using the general-purpose FE code 
ABAQUS [31] were performed. The FE model involves a cylindrical 
ring mounted with interference fit onto a solid shaft. Waviness of 
different forms and amplitudes (Fig. 4a) was introduced to the 
surface of the shaft. The FE model was built using plane strain (2D) 
bi-linear quad elements. 

FE simulation shows that when mounted by press fit onto a shaft 
with waviness, the ring will deform and tend to adapt itself to the 
form of the bearing seat, as illustrated by Fig. 4b, and, as a con- 
sequence, gives rise to additional tensile stress zones which corre- 
spond to the positions of the peaks of the waviness, as shown in 
Fig. 4c. The FE results shown in Fig. 4b and c are corresponding to 
the following parameter: ring bore diameter of 200mm, ring 
thickness of 20 mm, a profile of 7-lobe waviness with an amplitude 
of 0.1 mm introduce to the surface of the shaft, and an interference 
fit that would result in a nominal hoop stress of 100 MPa on the 
outer diameter of the ring. Note that the 3D pictures in Fig. 4b and c 
were created by “extruding” the 2D model in the axial direction - a 
post-processing functionality of the software. 

The tensile stress induced by the bearing-seat waviness 
depends on the following parameters: 


Fretting corrosion 
~ bands _ 


è ring geometry; 

e form and amplitude of the waviness; 

è interference; and 

è roller force exerted on the raceway. 

In case of loose fit, the bearing seat waviness can still result in 
the tensile stress zones due to the local bending deformation of 
the ring caused by the over-rolling of the rolling elements. In case 
of interference fit, roller force that corresponds to a contact pres- 
sure of 2000 MPa can increase the tensile stress by 25-60%, 
depending on other conditions such as ring thickness, the number 
of lobes of waviness, and interference, etc. 

It should be noted that although a wavy shaft is considered in 
the FE simulation, waviness or form deviation on the bore of a 
bearing inner ring has the same effect. 

The FE analysis indicates that additional tensile stress can 
indeed result from waviness of bearing seat. The tensile stress, if 
exceeding a certain limit, could weaken the material and intensify 
local fatigue damage in bearing rings. 


3. Reproduction of premature failure mode in lab test 
3.1. Test setup and testing conditions 


In order to reproduce the failure mode of bearing premature 
failure in applications, a bearing test rig was designed to introduce 
bearing seat waviness and the resulting tensile stress in the 
bearing inner ring. 
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Fig. 4. FE analysis of a cylindrical ring with a bore diameter of 200 mm and thickness of 20 mm mounted with press fit onto a solid shaft that has surface waviness: 
(a) different forms of waviness considered; (b) deformation of the ring resulting from bearing seat with 7-lobe waviness (Form-7); (c) hoop tensile stress in the ring resulting 
from the 7-lobe waviness (Form-7) with an amplitude of 0.1 mm. The nominal hoop stress corresponding to a perfect bearing seat is 100 MPa. 


The test involves a cylindrical roller bearing (CRB) with its 
inner ring (bore diameter of 220 mm) mounted with normal fit 
onto a five-lobe-waviness sleeve that is attached to a shaft with 
interference. The sleeve with waviness amplitude of 25 um was 
produced by hard turning. Such a wavy sleeve shaft will induce 
five zones of tensile stress of 205 MPa near the raceway surface of 
the inner ring. 

Three bearings were tested, two of which are BCE-0255, 
double-row CRB modified in the test by mounting one-row of 
8 rollers, instead of 24 rollers, on the central part of the inner ring 
(IR), in order to fit the capacity of the test rig to achieve the 
required contact stress. The third bearing tested was NU1044. All 
tested bearings were made of SAE 52100 (100Cr6) steel. The 
microstructure of the BCE-0255 bearings is tempered martensite 
with retained austenite up to 7% (volume) and hardness of 62 HRC. 
The NU1044 bearing was heat-treated to tempered martensitic 
microstructure with 3% (volume) retained austenite and hardness 
of 60 HRC. 

The testing conditions for the modified BCE-0255 are as 
follows: 


è Radial load: 120 kN (maximum contact stress po= 1.8 GPa) 


Speed: 2140 rpm 

Lubricant: Turbo Shell T 68 
Kappa: 1.8 

Interference (nominal): 0.1 mm 


The testing conditions for NU1044 are the same as those for 
BCE-0255, except that the maximum contact stress po is 2.0 GPa. 


3.2. Test results and post-test investigation 


The first two bearings were tested until failure, while the test of 
the third bearing was suspended after 1450 h (corresponding to 
8.01 x 108 stress cycles). It should be noted that previously four 
BCE-0255 bearings have been tested under the same condition 
using standard shaft (without artificially introduced waviness), 
none of which failed until suspension at around 2200 h (corre- 
sponding to 1.21 x 10° stress cycles), and neither surface cracks 
nor subsurface white etching cracks were detected after the tests. 

Post-test investigation involves non-destructive tests (NDT) by 
ultrasonic test (UST) and dye penetrant, measurement of ring 
roundness, fractographic analysis and metallographic examination 
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Fig. 5. Definition of section planes used in metallographic investigation. 
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Fig. 6. Bearing 1 failed with one visible axial crack on the inner ring raceway. 


under the microscope. To avoid confusion, the section planes used 
in the metallographic investigation are defined in Fig. 5, namely, 


e Parallel section - normal to the axial direction; 

èe Cross section - normal to the over-rolling direction; and 

è Lateral section - normal to the radial direction, or parallel with 
the raceway 


3.2.1. Bearing 1 

The first bearing (BCE-0255, designated as Bearing 1 hereafter) 
failed with one visible axial crack on the raceway (see Fig. 6) after 
1150 h (corresponding to 6.35 x 108 stress cycles). Fretting corro- 
sion marks resulting from the five-lobe waviness are clearly visible 
on the bore of the ring. The position of the surface axial crack 
coincides circumferentially with one of the waviness peaks, where 
a zone of tensile stress is present. 

The axial crack in Bearing 1 was opened by forced fracture. This 
was done by notching the segment containing the axial crack from 
the bore side, and then bending the segment to fracture. Fig. 7 
shows the fractography of the crack under the optical microscope, 


Fig. 7. The axial crack in bearing 1: crack surface opened by forced fracture. Dif- 
ferent positions along the axial crack on the raceway are indicated. The two pic- 
tures share scale bar. 


which indicates clearly different stages of crack growth in the 
subsurface, before breaking the surface to form the axial crack on 
the raceway. The picture indicates that the crack had developed to a 
very advanced stage, with the crack front extending to a position 
deeper than 5 mm. A parallel section was made on the sample with 
an opened crack at location 5 as indicated in Fig. 8. It can be seen 
from Fig. 8 that after etching, part of the main crack appears white 
under the optical microscopy and that at a depth of about 500 pm 
below the surface, the crack had branched. The branched cracks are 
also WECs that had propagated in a direction parallel to the raceway 
about 400 um from the main crack. Magnification of the branched 
cracks (see Fig. 8b-d) indicates that theses cracks connected to each 
other, forming networked WECs in the subsurface. Parallel sections 
were also made at two other circumferential positions that corre- 
spond to the peaks of the wavy sleeve shaft. Though no surface 
cracks were observed on the surface, multiple WECs were found in 
the subsurface of these regions, where tensile stress induced by the 
waviness were present during test. 


3.2.2. Bearing 2 
The second bearing (designated as Bearing 2 hereafter) was the 
same type and tested under the same conditions as Bearing 1. 
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Fig. 8. WECs revealed under optical microscope on a parallel section of the axial crack in Bearing 1 and magnified pictures of five indicated regions. The sample with opened 
crack was sectioned at position 5 indicated in Figure. (a). Part of the main crack and brunched cracks accompanied by white etching areas. Pictures in (b) (c), (d), (e) and 


(f) are magnified regions indicated by numbers 1-5, respectively, in (a). 


Bearing 2 failed with two visible axial cracks after 1570 h (corre- 
sponding to 8.67 x 10° stress cycles). Roundness measurement of the 
tested ring shows the five-lobes waviness (see Fig. 9a), as a result of 
residual deformation of the ring mounted on the wavy sleeve/shaft 
used for the testing. Inspection by dye penetrant indicates that 
besides the two surface-breaking cracks found right after the test, 
another surface crack or a couple of small surface defects are found 
at another location. The small surface defects detected at the third 
location (see Fig. 9b) seem to be the result of propagation of sub- 
surface cracks that just break the surface. The ring can be divided to 
five segments with respect to the locations of the waviness peaks. 


The two visible surface-breaking cracks are located in segments I and 
Ill respectively, while the other surface defects detected by dye 
penetrant falls in segment II. All three surface-defected locations 
coincide with three of the waviness peaks where tensile stresses 
resulting from waviness were present during the bearing test. 

Phased-array UST scanning was carried out to detect and locate 
possible subsurface cracks in the subsurface region of the ring. It 
was found that there existed five regions that contain surface and 
multiple subsurface cracks, and that the locations of the defects 
coincide circumferentially with the peaks of the bore waviness, as 
indicated in Fig. 9c. 
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Fig. 9. NDT inspection of the failed inner ring of Bearing 2. (a) Roundness of the bore of Bearing 2 exhibiting 5-lobe wave similar to the profile of the sleeve on which the ring 
was mounted during testing; (b) sketch of the ring divided into five segments with respect to the wave peaks. Three surface defects/cracks are located at the positions 
corresponding to the wave peaks; (c) UST arrayed-phase scanning (anti-clockwise) of the inner ring indicated five defected regions containing surface and/or multiple 
subsurface cracks. The positions of the defected regions coincide with the positions of the bore waviness peaks identified from roundness measurement. 


Fig. 10 displays the optical microscope pictures of the surface- 
breaking crack in segment I, before and after opening of the crack 
by forced fracture. Similar to the surface-breaking crack in Bearing 
1 (Fig. 7), this crack had also developed to an advanced stage, 
showing distinct fractographic regions that indicate different 
stages of crack propagation. The crack surface was further inves- 
tigated under SEM. As shown in Fig. 11, two smooth regions, one of 
which exhibits the lenticular-shaped feature similar to the so- 
called “lens” found on the surfaces of cracks in the prematurely 
failed bearings [6], are observed on the spots corresponding to the 
two positions on the raceway indicated in Fig. 10. Both features are 
evidently embedded in the subsurface and do not reach the 
raceway surface. During fractographic examination under SEM, 
inclusions are found to exist on the crack surfaces. Chemical 
analysis indicates that these inclusions are aluminum/calcium 
oxide. These findings, however, do not provide sufficient evidence 
of the crack initiation sites, since the cracks had grown so exten- 
sively. But at least, they are indication of the connection between 
the crack and the inclusions, similar to what was observed by 


Evans et al. [32] who found association of WECs with inclusions by 
means of serial sectioning of failed bearings returned from wind 
turbine gearbox. 

In order to identify the crack initiators, metallographic samples 
are taken from the regions near the surface-breaking crack in 
segment III. These samples are taken according to the UST 
inspection with regard to the locations of subsurface cracks. Each 
sample contains at least one subsurface crack. These cracks were 
less well-developed compared to the surface-breaking cracks. 
Small-step serial sectioning of the samples gives a high-chance of 
finding inclusions and their locations with respect to the crack. 
Based on the observation of the crack orientation, serial sectioning 
of the sample using lateral section (see Fig. 12a) is performed. 

Fig. 12b-d display the WECs appearing on the lateral sections at 
different depths. In total three inclusions are captured in the serial 
sections. Fig. 12c shows that two inclusions close to each other 
exist in the middle of the WEC. Magnified image with the inclu- 
sions and WEC are shown in Fig. 13a. Note that this crack is much 
larger (820 um) than a commonly called butterfly which is mostly 
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shorter than 50 um. As will further be discussed in Section 4.1, 
butterfly is in essence also a WEC but in the initial stage of fatigue 
damage. And Fig. 12 shows the connection between WECs and 
butterflies. It is possible to construct the morphology of the sub- 
surface crack associated with inclusions based the information 
obtained from small-step serial sectioning. Fig. 13b shows the 
constructed morphology of a subsurface crack with three inclu- 
sions inside it. It is evident from Figs. 12c and 13b that this sub- 
surface crack was initiated from the inclusions. The same proce- 
dure was repeated for other three samples, all of which give 
similar pictures, and confirm that the subsurface cracks are WECs 
and were initiated from inclusions. 

Metallographic inspection conducted on Segments II and IV 
using different section methods confirms that the multiple WECs 
had also developed in these regions due to presence of waviness- 
induced tensile stress. 


Fig. 10. The surface-breaking crack in ring segment I of Bearing 2 under the optical 
microscope. Crack surface at positions A and B indicated by arrows are examined 
under SEM with fractography shown in Fig. 11. 
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3.2.3. Bearing 3 

The third tested bearing (designated as Bearing 3 hereafter) is a 
different bearing type (NU1044). The bearing test was suspended 
after 1450 h (corresponding to 8.01 x 108 stress cycles) without 
visual damage. Post-test investigation was carried out in the same 
procedure as for the other two tested bearings. 

Dye penetrant test showed 12 indications of small surface 
defects or surface-breaking cracks, which needs to be confirmed by 
the subsequent metallographic inspection. Phased-array UST scans 
show more than 60 indications of subsurface defects or cracks. 

To confirm if extensive fatigue damage had been developed in 
the subsurface, several samples are taken from locations with 
indications of subsurface cracks detected by UST. One sample was 
taken in a region with a relatively high-intensity of ultrasonic signal. 
A notch is machined in the sample below the suspected defect. 
Position of the notch is set according to the UST measurement. The 
sample is fractured by bending in order to reveal the subsurface 
crack. Fig. 14 shows the fracture surface of the sample. 

A lenticular feature (see Fig. 14a) is found just below the raceway 
surface. To confirm if this feature is a WEC, the sample is split using 
a parallel section in the middle of the feature, as indicated in 
Fig. 14a. Two halves of the split samples are etched and examined 
under the optical microscope. As shown in Fig. 14c and d, the len- 
ticular feature is indeed a WEC. Note that one split sample contains 
a butterfly that is connected to the WEC, as shown in Fig. 14d. 
Fig. 14b shows a magnified picture of the upper part of the crack, 
and indicates that the crack seems to be just at or almost breaking 
the raceway surface, since micro-cracks are visible on the raceway. 
This observation is consistent with the results of dye penetrant 
inspection which indicates many small surface defects. Fig. 14e 
shows a magnified region indicated in Fig. 14c. Magnification of the 
bottom region of the lenticular crack, indicated in Fig. 14a, shows 
multiple small cracks (see Fig. 14f), which is likely an indication of 
crack branching, though the possibility that these cracks were 
generated by the forced fracture cannot be excluded. 


4. Discussion 
4.1. Essence of WEC 


WEC is commonly referred to the crack decorated with white 
etching area (WEA) that is observed using the optical microscopy 
from a nital-etched sample taken from rolling contact fatigue 
damaged material. The WEA is the altered microstructure that 
exhibits lighter contrast relative to the surrounding material under 
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Fig. 11. SEM fractography of the surface-breaking crack in segment I of Bearing 2. (a) A lens-shaped feature at location A indicated in Fig. 10; (b) end of a flat feature in the 


subsurface, corresponding to location B in Fig. 10. 
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Fig. 12. Serial sectioning of samples taken from material nearing the surface-breaking crack in segment III of Bearing 2 using lateral sections with small steps. (a) Schematic 
serial lateral sections taken with small steps starting from raceway; (b) one WEC (350 pm long) appears start to appear on the lateral section at depth 60 pm; (c) the WEC 
becomes 820 pm long with inclusions in the middle at depth 140 um; (d) the WEC decreases to 125 ym at depth 359 pm and disappears below this depth. 
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Fig. 13. (a). Magnification of the picture in Fig. 12c showing two inclusions in the middle of the WEC; (b) constructed morphology of the subsurface WEC based on the 


information from serial lateral sections. 


the optical microscopy. Other characteristics of the crack-associat- 
ed WEA includes: (a) higher hardness in comparison to the unaf- 
fected matrix [15]; (b). super-saturation in carbon as a result of 
carbide dissolution [33]; and (c) very fine grain structure that is 
free of large residual carbides [12]. Formation of the WEA is a 
result of many cycles of rubbing between crack surfaces during 
rolling contact. In other words, there are two prerequisites for the 
formation of WECs: existence of a crack and a sufficient number of 
cycles of rubbing between crack surfaces. 


Rolling contract fatigue tests conducted on specimens con- 
taining artificial porosities [34] and investigation on the white 
etching area formation was made by suspending tests at different 
number of cycles and sectioning the specimens for metallographic 
examination. It was found that short cracks initiated from poros- 
ities without occurrence of white etching areas, after about 10° 
cycles. White etching areas start to form and accompany the crack 
at a higher number of cycles. This means that crack comes first, 
and the white etching area develops later. 
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Fig. 14. Fracture surface of a sample containing a subsurface crack opened by forced fracture. (a) A lenticular crack revealed on the fracture surface; (b) close-up picture of 
the crack upper part showing indication of the crack just partly breaking raceway; (c) white etching area on one side of the crack face on a parallel section taken at the 
position indicated in (a); (d) white etching area on the other side of the crack, and connection of the crack to a butterfly on parallel section; (e) magnified region indicated in 
(c); (f) SEM image of the crack region indicted by the red rectangle in (a), showing multiple small cracks. (For interpretation of the references to color in this figure legend, 


the reader is referred to the web version of this article.) 


In a recent study by Solano-Alvarez and Bhadeshia [12], some 
special experiments were conducted with the aim to prove that 
WEAs are the consequence and not the cause, of fatigue damage. 
By artificially introducing a fine dispersion of micro-cracks in the 
steel through heat treatment and then subjecting the sample to 
rolling contact fatigue, much more extensive WEAs were produced 
in the subsurface, compared to samples similarly tested without 
initially introduced cracks. It was confirmed by means of different 


characterization tools that the WEAs thus produced have the same 
properties as reported observations on bearings. 

A crack in RCF will not always be accompanied by the white 
etching areas or become a WEC. Formation of white etching areas 
requires a sufficient number of cycles of crack surface rubbing. If 
the crack surfaces are not closed, or not pressed against each other, 
or not rubbing against each other sufficiently long, the crack will 
not become a WEC, even it is already a long crack. Part of the crack 
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Fig. 15. Magnification of the lenticular feature shown in Fig. 11b: (a) 500 x magnification that shows striation as a sign of fatigue crack growth, as well as crack kinking and 
branching at the border of the feature; and (b) 2000 x magnification of the area indicated by rectangle in (a), showing more clearly the branched crack at the border of the 


lenticular feature. 


that had been existing for a longer time, the white etching area did 
develop, as indicated by Fig. 8 which shows the appearance of the 
surface-breaking crack in Bearing 1 on a parallel section. It can also 
be seen from Fig. 8 that the branched crack surfaces near the main 
crack had developed the white etching areas. The surfaces of the 
branched cracks further from the main crack were formed (much) 
later and thus do not appear white under the optical microscope 
(see Fig. 8e and f). 

Butterfly is in essence also a WEC and it is initiated from 
material inhomogeneities such as inclusion or porosity. It is not 
difficult to find the initiation site of a butterfly; this is because 
most butterflies observed during metallographic examination are 
usually small. Identification of the initiation sites of large WECs, 
however, is much more difficult, since these cracks have grown 
extensively and propagated far away from their initiation sites. In 
the present investigation, WECs were also proven to be initiated 
from subsurface inclusions, as indicated by Figs. 12 and 13 which 
show the appearance of a WEC and its initiation site at an inclu- 
sion on the lateral sections of small-step serial sectioning. 

It can be said that WEC in rolling contact fatigue is not a special 
type of crack but in essence a subsurface crack like a butterfly that 
is initiated from a stress raiser such as inclusion and has grown 
into the advanced stage of fatigue damage. Repeated rubbing 
between crack surfaces causes gradual microstructural alteration 
that leads to formation of the white etching areas near the crack 
surfaces. Therefore, WEC or WEA that accompanies crack is not the 
cause for the bearing premature failure, but a symptom of 
advanced fatigue damage under rolling contact. The root cause for 
bearing premature failure must be the factors that cause early 
crack initiation and accelerated crack propagation. 


4.2. Failure mode and mechanism 


The fractography of the surface-breaking cracks shown in 
Figs. 7 and 10 exhibits different phases of crack propagation 
influenced strongly by tensile stress. The flat region corresponds to 
the early stage of stable crack growth. When the crack becomes 
large and extends deep into the material, crack propagation 
becomes instable, forming stepped crack surface. Such a char- 
acteristic of crack propagation is shared by the axial cracks found 
in the prematurely failed bearing in applications, for example, the 
bearings failed in wind turbine gearbox [35]. 

The so-called “lens” or the lenticular features were observed 
from failure analyses of prematurely failed bearings used in wind 
turbine gearbox [6]. Similar features have also been observed from 


the bearings tested in the present investigation (see Figs. 11 and 
14a). Fractography examination using microscopy indicates that 
the lenticular feature is part of a subsurface crack that corresponds 
to a stage of coplanar growth of fatigue crack, and that the 
boundary of the lenticular feature is the location where crack 
growth starts to change direction, leading to crack “kinking” or 
branching, as indicated in Fig. 14c and d. After a large number of 
over-rolling cycles, the lenticular feature may exhibit signs of 
rubbing between the two mating surfaces, as shown by Fig. 14f, 
and appears white after etching under the optical microscopy 
(Fig. 14e). Similar feature but formed much later, such as one 
shown in Fig. 11b, striation is visible under high-magnification (see 
Fig. 15a). The striation on the crack surface is a sign of fatigue crack 
growth or traces of the crack front movement as a result of fatigue 
crack growth. This is clear evidence that the lenticular feature of 
the “lens” inside the axial crack surface results most likely from 
fatigue crack growth, rather than a result of instantaneous clea- 
vage cracking, as suggested in [6]. An even higher magnification of 
the area near the border of the lenticular is displayed in Fig. 15b, 
which shows clearly that the crack starts to branch at the border of 
the lenticular feature. 

The tensile failure mode and the fractographic features com- 
monly observed from the tested bearings in the present investi- 
gation and the prematurely failed bearings used in wind turbine 
gearbox, prompts us to think about a new failure mechanism. It 
can be postulated that appearance of axial cracks in prematurely 
failed bearings is a result of fatigue crack growth driven by bulk 
tensile stress in combination with shear stress resulting from 
Hertzian contact. The crack may be initiated from material defects 
such as inclusions and, owing to presence of tensile stress, grows 
upward and finally breaks the surface, leading to axial crack on the 
raceway. Such a fatigue mechanism, proposed earlier by the author 
[17] and illustrated by Fig. 16, can now be justified since the same 
failure mode has been reproduced by lab test in which tensile 
stresses were imposed to the inner rings through the artificial 
form deviation introduced to the bearing seat. 

The key factor causing this type of premature failure is the bulk 
tensile stress that weakens the material and lead to early crack 
initiation and accelerated crack propagation. The extent of weak- 
ening depends on the level of tensile stress. As shown in Fig. 9a, 
after testing the inner ring bores retain the waviness profile 
resulting from deformation of the rings which were mounted onto 
the sleeve shaft with artificially introduced waviness. Measurement 
of bore roundness indicates that the first ring has the highest 
amplitude of residual waviness, the third ring the lowest and the 
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Fig. 16. A possible mechanism of fatigue crack growth from a subsurface material 
defect, driven by tensile stress and leading to the surface-breaking crack or the 
“hair-line” axial crack. (Reprinted, with permission from Bearing Steel Technologies: 
10th Volume, Advances in Steel Technologies for Rolling Bearings, ASTM STP 1580, 
copyright ASTM International, 100 Barr Harbor Drive, West Conshohocken, PA 
19428.). 


second ring in between. It can be argued that the tensile stress in 
the inner ring of Bearing 1 is the highest among the three rings 
tested, and that the waviness height of the sleeve shaft may con- 
tinue to decrease as a result of permanent deformation and/or 
fretting wear of the bearing seat that lead to decreased tensile stress 
in inner rings of the other two bearings. In view of this, the longer 
time for Bearings 2 and 3 to fail can be explained. It can be envi- 
sioned that the life of the tested bearing will be shorter if the 
waviness height of the sleeve shaft is increased. 

It has been demonstrated in the present study that the bulk 
tensile stress may result from bearing seat form deviation, which 
could be the case in reality, but not the only cause. Tensile stress 
may arise in other situations as well, for example, introduction of 
too tight fit, ring deflection/deformation due to insufficient con- 
straint on the bearing rings. 


4.3. Root cause for premature failure 


Generally speaking, failure of any mechanical component is due 
to breakage of the weakest link. The weakest link breaks when the 
local stress exceeds the local strength. Premature failure is a result 
of significant weakening of the weakest link. 

The reliability of rolling bearings used in various applications 
obeys the weakest link principle. There exist always weak spots 
inside the material or on the working contact surface. A bearing 
will fail if the weakest link is broken. When lubrication condition 
is poor or the surface is rough, the weakest link could well be on 
the surface and the bearing fails due to surface damage such as 
surface distress or wear. Under good lubrication condition, the 
weakest link could be in the subsurface owing to presence of 
material defects such inclusions and high shear stress resulting 
from Hertzian contact and failure of the bearing results from crack 
initiation and propagation from the pre-existing material defects. 
For rolling bearings, the strength of the weakest link can be related 
to a load or stress limit known as the fatigue limit. 

A bearing will fail if the fatigue limit is exceeded. Bearing 
premature failure occurs when the fatigue limit is considerably 
reduced, or in other words, when the strength of the weakest link 
is significantly reduced. It is the weakening that causes early crack 
initiation and accelerated crack propagation that leads to bearing 
premature failure. A bearing may fail as a result of normal rolling 
contact fatigue, when there is no weakening or low level of 
weakening. With increasing level of weakening, the bearing may 
fail prematurely in the form of extensive WECs, axial cracks or 
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Fig. 17. Failure map - description of premature failure on a high-level. 


even fracture, as depicted by Fig. 17. Similar observation of WEC as 
being a natural product during rolling contact fatigue as well as 
during accelerated fatigue (premature failures) in bearing steels 
have also been reported earlier in [36]. 

Therefore, the key to identify the root causes for bearing pre- 
mature failure is to find out the relevant weakening effects. It has 
been demonstrated by this study that tensile stress resulting from 
bearing seat form deviation, if exceeding a certain limit, can 
weaken the material and lead to bearing premature failure. There 
exist also some other weakening factors, such as corrosion attack, 
hydrogen embrittlement, etc. In some applications, more than one 
weakening factors can be effective [8,11,15,17,37]. 


5. Conclusions 


One of the root causes for bearing premature failure has been 
identified. Bearing seat form deviation, if exceeding a certain limit, 
may induce excessive tensile stress that weakens the material and 
causes early initiation and accelerated propagation of cracks, 
leading to premature failure of the bearing. 

Bearing premature failure characterized by WECs and axial 
cracks has been successfully reproduced in lab test which involves 
artificially introduced waviness on a sleeve shaft on which the test 
bearing were mounted. Three bearings have been tested, all of 
which failed in the same mode or exhibited the same damage 
characteristics as the prematurely failed bearings used in the wind 
turbine gearbox applications. 

The observations from this work suggest that axial cracks are 
most likely caused by fatigue crack growth, rather than instanta- 
neous cleavage as before suggested in the literature. 

Axial cracks in prematurely failed bearings are a result of crack 
growth driven by bulk tensile stresses in combination with shear 
stress resulting from Hertzian contact. The crack may be initiated 
from material defects such as inclusions and owing to the presence 
of tensile stresses, grows upward and finally breaks the surface 
leading to an axial crack on the inner raceway. 

Presence of tensile stress above certain level has been identified 
as one of the root causes for bearing premature failure. This finding, 
however, does not exclude other possible factors mentioned in lit- 
erature e.g. environmental effects such as water in oil, stray current, 
etc. that may also lead to weakening of material and eventually 
premature failure of bearings in some specific applications. 
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